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FOREWORD

This report was prepared by the Aerospaca Mechanics Group of the
University of D .yton Research Institute under U.S. Air Force Contract

F33615-70-C-o019. The contract was initiated under Project no. 1369.

"Mechanical Subsystems for Advanced Military Flight Vehicle,," Task
no. 136908. "Military Air Vehicle Landing Gear/Suirface Interaction Criteria."
This work was conducted under the direction of the Vehicle Eq'Jipment Division.

Air Force Flight Dynamics Laboratory. Wright-Patterson Air Force Base,

Ohio. Mr. 7porge Sperry (FDFM), Project Engineer.

This report covers work conducted from 15 August 1969 to

15 February 1970.

Appreciation is expressed by the authors to Mr. Sperry who provided
the major part of the literature which was rev-iewed.and channeled the efforts

toward Air Force flotation objectives. This report was submitted by the

authors in February 1970.

Publication of this technical report does not constitute Air Force
approval of the report's findings or conclusions. It is published only for the

exchang d t f ideas.

KENNERLY H. DIGGES
Chief, Mechanical Branch
Vehicle Equipment Division
Air Force Flight Dynamics Laboratory
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ABSTRACT p

Ultimate goals of Air Force landing gear/soil interactLon research

are to develop maximized landing gear design criteria for aircrrft operation

on soil surfaces and to establsh absolute techniques for the prediction of p

military aircraft operational capability at any soil surfaced sitr. In order

to achieve these goals, real life relationships onust be established between

aircraft surface operational capability, and soil and site characteristics.

This program was concerned wit'i the idectification of both soil and

site parameters usable for deflning aircraft operbations capability. The

research effort included a literature survey, a review of existing rapid

in situ and remote sensing techniques for determining soil strength and

ground roughness, and a study of the proposed active landing gear system

as related to the required soil and site parameters. A detailed description

of each of the reviewed 'apid in situ and remote sensing techniques is

included.

* .

This document Is subject to special export controls and each
transmittal to foreign governments or foreign nationals may
be made or'.y with prior approval of the Air Force Flight

Bane, Ohio 45433.
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SECTION I

INTR•ODUCTION

The effective A-id efficiert operption of Air Force aircraft fro soil J

surfaced sites is dependent upon Frovidtng sircraft with mAxtrnized Iaaodng

gear systems and the ability tc predict aircraft operational capability at say

soil surfaced sitt. A maximized landing gear system will minimise dynamic

loads induced into the aircraft and provide capnWbiity to achieve the ,-a&nazam

number of operations required at specified minimum so.1 surface tite con-

ditions. Moreover. a maximized system must htve a minimum total •ad

related structural weight, and require the smallest stowage space possible.

Effective use of aircraft cant be mad* only if aircraft operational capability at

each soil surfaced site to be used can be #&tabliahed on an absolute basis.

In order to develop maximized landing gear criteria and establish 3

absolute techniques to predict aircraft operationat capability at soil sarfaced

sites, real Life relationships must be developed between landirL gear surface

operation capabilit7 and soil surface aud site parameter,;. Thereforo, the

objective of this study. on a preliminary basis, woe to obtain a genasel under- 3 *
standing and to identify swil and site parameters related to Landing Sear oper-

ation capability. Also, the study provides a review of existing methods for

doternr.ining these porameters.

The research effort included a literature search. an Identification

and recommendatiotr of both soil and site parametre. --ad re--. .1,w of existing

rapid in situ and remote methods for determining these parameters. A portion

of the study was devoted tn relating the current state-of-the-art of ran-note and

in situ measurement of soil and site parameters to the development of an active

Landing gear system. Descriptions of in situ and remote evatLattoo te,;ho.iquee

and applicable reference reports are provided ta AppendLi C. Only unclassifMed

material was reviewed for this program.

In review-alg literature searches from DDC. NASA. and other soorcees

approxiasitely 1000 titles and/or abstracts were screened and. of this total

• 4



1103 appear in Appendix A. with a cross index. In addition to this Appendix.

there ts considerable literature that reports using either in situ or remote

seri~ng devices. Theme articles, however, either did not discuss the devices

directly or were references which gave only examples of specific applications

of re.note sensors. Consequently, this type of article provided no basic

insight into the problem of aircraft surface operation research as related to

either in situ or remote sensing and therefore was not included ini the list.

Tc. supplement the literature review with the most current information

on in situ soil testing techniques, zn information request was sent to twenty-two

governmental. educatienal, and industrial organizations who were identitfed

as knowledgeable in the rapid in situ and remote sensing areas. A copy of

this request, which is included as Appendix B. was oent to each organization

subsequent to a personal phone call from the University of Dayton Research

Institute. This information request asked each organization to comment on

the methods listed , to write in any method not listed that might be applicable.

and to evaluate current methods of in situ rapid testing and remote sensing of

soil properties which will define soil properties applicable to aircraft flotation

and operation on soil surfaces. S

now
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SECTION 1 5

RAPID IN SITU SOIL MEASURING TECHNIQUES

1. Method Identification
I

Among the many methods of evaluating soil properties in situ for

analysis of aircraft flotation and surface operatioa capability, eight were

selected from the literature as being either the most feasible or the most

currently used. Of the eight, all but two report a soil strength that is ob-

tained through some type of penetration test. All but one define some strength

parameter. These eight mexhods are:

Mobility Cone Penetrometer

Airfield Cone Penetromet,-r

California Bearing Ratio

Bevameter Bearing and Shear Devices

Remolding Index

Sheargraph

Nuclear Methods

Dimensional Analysis for Relating Military Vehicle Ruts to
Aircraft Flotation Capacity

The r.uclear devices and the nheargraph do not me----ure a penetatilun

type of strength and the former does not measure strength at all. Stre-gth

can only be inferred from the moisture content and density as measured

with the nuclear devices. Each of the methods listed and a few other related

methods are described in detail in Appendix C. Included in this description

is a reference which will serve as a prime cource of Information for that

method. Note that the Mobility Cone, Airfield Cone, and Retmolding Indices

are very closely related and may be considered either as one system or

three separate methods as listed.

3
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j;; Z. Organizattonal Review .. Rapid In Situ Results

Twelve organizations responded to a request to review. conmment on.

and rate rapid In sitw techniques for the determination of soil strength.

Appendix B provides a list of participating organizations, the request letter

used. and Information Summary Sheets. Table I provides a summary of

the ratings given to the In situ techniques considered.

The comnments On each of these methods were somewhat repetitive.

therefore only a condensed list is presented below. For convenience they

are grouped by method.

Mobility Cone and Airfield Index:

Is simpie to operate and easy to reduce data

Gives soil profile with depth

4 Gives good correlation of data

Measures a srnall Loadlng area

Does not measure a fundamental soil property

Is not applicable to high strength soil

o q California Bearing Ratio:

Is a well-known test

GLves good correlation of data

Measures only surface properties

Requires he#vy equipment and is time conuuii bL'"

Requires excavation to get a depth profile

B evain ete r-

Attempts to measure a fundamental soil property

Presently gives no correlation to aircraft flotation

Boundary conditions not defined

Data reduction difficult

Mic-loured -tr-ngth consistently too low

4 S
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Tabl* ]. OrganilstLonal Review and Ratino of In Situ Techniques. S

1, eth 1 2 3 4 5 7 10 11 1O2 Weighted
= ,...fi AVe.rage

S~MOBILITY

CON2 2 1 1 1 1 3 1I 3 2 1.6 5

A.R F1 ELMINDE I Z 11 2. 4 Z z 1.7

CAUFORNIA
BEARING RATIO 2 3 3 2 Z1 2 3 4 4 2.6

B EVAM ET ER
SHEAR 3 4 7 2 5 8 1 3 4. 1

4

B EVAM E " ER
BEARING 2 2 4 2 3 7 1 3 3.0

REMOLDING
IND EX2 4 3 7 3 4 4.6

SHEARGRAPH 3 6 6 4 2 9  .0

*NUCLEAR
METHODS 2 2 5 5 4 9 6 5 4.8

Dimensitonal

Analysis (Military 1
Vehicts to Aircraft 2
Flotation Capacity)j

RATING KEY: Methoda are rated in order of preference (i. e., 1-beat, 2-next
best,......... 9-least acceptable). - B!a.nk bl".cz , -dicae that .

* ftno rating was given in the response.

5
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Remolding index:

Gives a possible multipass correlation

Sheargraph:

Is easy to operate

Boundary conditions are u"known

Data is instrument dependent

Presently gives no correlation to aircraft flotation

Measures a small loading area

Nu~clear;

to rapid and nondestructive

Presently gives no correlation to soil strength

Needs calibration for each soil type

Dimensional Analysis (Military Vehicle to Aircraft Flotation Capacity):

Presently gives no corre'ation to aircraft fRotation

Has limited prediction capability

In addition to personal c .- ments on different methods, some respon-

dents Listed other methods they thought would be of interest. These are as

follows-

Penetro-Shear:

Apparently a method of testing such that both shear and bearing

properties can be measured concurrently.

"The Penetro-ohear Apparatus", Tech. Report No. 10332.

U.S. Army Tank-Automotive Center, Warren, Mich.,

July 1968.

Soil Truss"

A method of measuring shear strength under a Large loading area.

Tech. Mer-. M-003, U.S. Naval Civil Engineering Lab,

Port Hueneme, California.

6

SI o• • p • v



I

Evans Shear Vane:

Measures shear strength.

"Measurement of Surface Bearing Capacity of Sail",

Geotechnique Vol. I1, June 1950.

Plate Bearing:

Allows evaluation of soil propertles using larger loading areas.

This is a common method to most engneiors.

Seismic:
These devices have responses that are related to stiffness but

the data has not been fully developed into a suitable correlation

for actual use.

Vibratory:

A method under development that will hopefully give a value of

the shear modulus oi soil.

The above six methods are generally obscure except, of course, for plate

bearing. They are not. for various reasons, applicable to the tire/soil

interaction problem. 6

3. Results

Based on the review of literature and the organizational review, the

cone penetration type test (either Mobility or Airfield) is presently the best

rapid method of assessing the soil stIcngth ifur the prediction of aircraft *oil

surface interaction phenomena. The first cone penetrometer was developed

by the Waterways Experiment Station for mobility research and testing. Since

that development by WES, the penetrometer has been very popular in eval-

uation testing of aircraft for flotation on unprepared airfields, Most of this

testing was reported using CEPR values, and as a consequence, there are many

correlations relating flotation and CBR values. Up-in reviewing some of these

earlier tests, it was noticed that many of the CBR values were obtained through

c correLation of CBR vs Airfield Index values. Thus, most of the field testing

of soil strength in the past has been done with a cone penetrometer and therefore

7
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there ig a good correlation between aircraft performrnre and coo* penetrometer

values. In &ddition to the above, the cone penetrometers, either the alrfield

or mobility type, are simple to operate. easily carrted by one man for field

use. und permit quick data reduction. 4.

The major drawbacks of the penetrometer include operator error which

decreases reliability, need for individiual calibration to be able to accqrateiy

relate cone penetration values to CBR. need for repetitive testl to estabLish

a realistic average soil strength index and other minor operational problems

as noted In Appendix C.

Another promising method, presently In .n initial evaluation stage.

is an empirical correlation between the measured rut depth of a standard

military truck tire and the flotation performan-e of an aircraft tire on the

same soil. This simple method -. ould allow the evai,.ation of as airfield

by measuring the rut depth of a military vehicle, and relating that valoe to

the flotation capacity of the field for a specific aircraft through the use of a

previously developed empirical correlation. This tfpe of approach to flotation

analysis does not allow a fundamental look at the soil, but it does give a simpk

quick method of evaluating airfields without the use of sophisticated equipmen,
and analysis techniques. Anither advantage of this method is that it will alto

an absolute evaluation of flotation without waiting for a more fundamental

solution to the problem to be developed.

II
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a S TXON i1.

R]04OTE SOIL SENSING TECHNIQUES

Remote sensing to not a new science and is highly sophisticated in

many specific applications : elated to problems In agriculture. highway

engineering. and rnmltarVr reconnaissance, and consequently a consderable

body of knowledge concerning remote sensors has been compiled. The major

problem with all remote sensinK techniqdes is that a goneraiised method of

analysis of remute sagrsor data is not presently possible, and therefore each

application/analysLs must be related to a set of specific conditions involvwng

the specific sensor, weather, time of year, time of month, and time of day,

to mention only a very few of the controlling variables. Thus the conclusions

that are reached during some remote sensing akpplication are only applicable

to the sane original set of conditions, and are not generally applicable. In

light of .his. a general analysis of remote sensors for application to aircraft

flotation/soil surface interaction parameters is not possible, and only a few

investigators (1 2, 3.4) have studied the specific paratzaeters associated with

the military aircraft flotation and operation on soill through the use of remote I

sensors. Therefore the discussion of remote sensors in this report will

include only Limited basic descriptions of the remote sensing methods and

their possible application to the sensing of flotation parameters.

1. Method Identification

From the diverse selection of rimote sensing mettiods and sensors,

eight categories of sensor techniques aere selected to be discussed and

discussion in limited to specific applicz tions that are directly related to

flotation parameters. The eight categories selected are:

Aerial Photography

Infrax ed

Radar

9
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Impact Penetrometers

Microwave Radiometer •

Gamma Ray

Multisenbor

Limited descriptions. discussions, and references for these categories

are provided in Appendix C. and in addition there are a few prime sources for

background and detailed descriptions of t.ee categories in the reference
11.~l 2, 3. 4. S.,6)

list . The Proceedings oftheSymposiums on Remome Sen•Lng of

Environment. which were held at Michigan University. Ann Arbor. Michigan.

are also good sources of remote sensor information.

2. Organizational Review - Remote Sensing Results

Ratings of remote sensing techniques by organizations contacted are

provided in Table 2. Again. the comments were soGmewhat repetitive and they

are presented here in condensed form.

Airphoto:

Gives broad area coverage

Is most advanced of all methods of retiaote sensing p

Is not a real time method

Sun angle and other atmospheric condlitions are important

Needs expert interpretation

Radar:

Penetrates soil and consequently relates soil properties with depth

Defines only gross topographical features

Moderate to high moisture content will mask soil properties

Is not a real time method

Laver:

Is a rapid real time device

Gives accurate rmicrorelief 0

Gives a continuous profile

10
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Table 2. Organizational Rsviqw and Rating of Romowo Sens$ag T.tbniquos. |

S| 3 4 5 6 7 8 9 10 11 1Z W ihoSWet~he

AIRPHOTO 5 1 3 1 3 1 2. 3

S7 5 5 5 3 4 4.8

LAS ER 2 3 6 7 1 3.5PROXILE2R

MULTI-
SPECTRAL 5 2.7
ANALYSUS

AERIAL IMPACT 1 3 4 Z Z 2 1 2.1
PENETROMETER

INFRARED 5 4 4 2 2 3.4

MICROWAVE 4 5 3 4 3 3.8

GAMMA RAY 5 5 6 4 5.0

RATING KEY: Methods are rated in the order of preference (I. e., 1-boot.
Z-next best ......... 9-least acceptable). Blank blocks indicate
that no rating was given in the response.ip

11
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Does not penetrate foliage to **use esol surface

Needs further ,evelopmeat

Neetds bettqr altitude r.-ference

M uttis pect r l:

Gives optmnunm amount of information

Gives lood spectral slgriaturee

Is not a real time device

Needs expert anaLsiis

Impact Penetrometer:

Presently gives no correlation to aircraft flotation

Needs many teeiv for proper evaluation

Strength value ham tow reliability

Infrared: S

Give@ goo<d data related to moisture content

Is not a real time device

Measures only surface properties

Microwave: •

Gives data with depth

Sensitive to moisture content and mail type

Needs compensation for atmospheric conditions

Gamma Ray:

Is restricted to low altitude flight

Given no correlation for strength evaluatico

Additioal sensing techniques suggested which were aot listed on the

information request form due to their lim•.•d stage of development were:

Polarization (optical):

Yields information on surface structure and porosity but, Las

to be used with multispectral data.

1,S
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Stakes Parameter Analysi@:

Tielq.. lntormr•tioa m micro- sad macrodtractaire oi s*&le &ad

must be done multispectrally.

in audition to the info-mation request. a trip was made to Willow Run

"L.aboratories at the University of Mhihigan. Willow Run LAboratoroee 'as

held all of the prevtous myrmp•slume on remote sensing of onvtron-vteat. and

are currently pureukng state-o(-th.-art research in remote sensing. As a

result of this trip. the following conctusans were drawn as to the application

of remote sensing as applied to flotation analyets:

A. All remote sensing ti composed of two things: (1) a statistical

anlyets of the data. and (Z) Lnference of the meatino of the

statistical analysis.

B. Remote sensing is on its beginning stages in many areas.

C. The la•er profIlometer can measure accurate microrelief if it

"sees" the surface.

D. Radar systems probably will not be of a great deal of help to

flotation analysis.

E. Microwave analysis can be related to moisture content and @oil

type. 5

r. An aalysIs of the technique of a multi.ensor system has not

been done.

G. No one has attempted to study rougbness and streugth. as related

to aircraft flotation and surface operation; therefore, there is no

correlation at present between resmotes devices and paramete_ used

for flotation analynie.

3. Results

In considering the value of the remote censor as a device for evaluating

flotation parameters. it must be remembered that remote sesors (except

for the aerial penetrometer) mmeaure an effect raiher than some fundamental

properly of soil. Therefore, parameters each as soil type, moisture content.

13
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density, and especially solt strength can only be inferred from the remote

sensor data. Additionally, remote sensing analysis results have not been

correlated with aircraft flotation and surface operation parameters to the 4

needed degree of accuracy.

In order to discuss the merits of remote sensor devices, the basis of

comparison will assume that some measure of strength combined with some

measure of miqrorellef or roughness is necessary to adequately def;.e surface

parameters which can be related to aircraft operation capability and that the

remote sensor parameters be obtained in real time. Based on the Literature

review, organizational review, and other factors, the laser proflloxrTeter

appears to be at present the best sensor method for establishing surface •

roughness measurements on a real time basis. This method is not as yet

operational, but has been shown to accurately measure microrelief to high
(1)accuracies . The operation of a laser profilometer is very complicated due

to the sophisticated electronics and associated mechanical problems (i. e. . 4

aircraft roll and pitch). The data analysis is diffLcult, since reflections will

occur off bushes. grase, trees. etc.. and therefore there is doubt as to

whether the laser m-asures the elevation of the soil surface or the top of other

vegetation or the surface water over a soil. Due to this feature the laser 0
profiler cannot be used by itself, but rather must be used with a system that

accurately tracks the laser beam and describes what surface the laser is

senasLng.

It appears that the best system for surface roughness evraluation to

fit these requirements is a combination of the laser profilonieter, infrared

scanner, - .d strip photography 7). The infrared scanner will accurately plot

the path of the laser beam, and the photography will show ecctly what has
S 4

been profiled and with cousiderable research it should be possible to use such

a combined system on a real time basis.

Other remote sensing devices are even more difficult to evaluate since

they were not developed for sensing soil surface parameters related to air-

craft oper&tkon capability. It is very clearly pointed out by Rib((6 ) that

14
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p
Ieneralixatlons made from the spOcific application of one sensor to another
application of thie same sensor will in all likelihood be wrong. Rib(6) doom
provide a good compilation of previous remote sensor applications.

At present the best remote sensor method for evaluating soil strength pti probably the aerial impact type penetrometer. While this device has not .
been shown to measure a unique @oil strength parameter for different sotls,
it does measure a soil response that can distinguish between different soiltypes(} and provides an estimate of soit strength 9 in specific cases A

similar instrument, which was actually a forerunner to the impact pone-
trometer. Is the aerial cone penetrometer. The aerial penetrometer Is also
not an accurate soil strength measuring device, bat does bracket the value of
the soil strength within certain limits.

The aerial impact penetrometer. at present, provides the only remote
soil strength measuring technique available on a real time basis, although
there is the possibility of inferring both soil strength and rurface roughness
from other remote sensor devices. Airphoto analysis is probably in a general
sense the most advanced remote sensing method and can be used to interpret
the type of soil, moisture content, soil strength, and soil starface roughness (4)
but presently only after extensive correlation to ground truth data. and with
a lower order of accuracy than required. Airphoto analysis is therefore not
a real time method and the probiems -m-- • t..j "e-d ii. uoe ant data inter-
pretation are highly sophisticated. Other methods of remote sensing, at this
stage, can only provide supplementary Information for obtaining soil strength
and surface roughness paramatern.

15
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iT. S •ECTION@i, IV

SOIL AND SITE PARAMETERS

:Experimental investigatlons by NASA(10. 1I. 12) and otbsrs( 13 . 14. 15. 16)

have shown that significant ground loads are induced in aircraft operating on
-i rough rtnways. These roughness-lnduced ground loads lead to strtactural

fatigue failure. in the aircraft and, in some instances, landing gear failures.

The speciLfcatlon of roughness alone for aircraft operating on unprepared

Air ranways to not sufficient. however, fnr estimating ground loads since the

stLffness (strength) of the soil tends to reduce the developed ground loads below •
(17)that which wo"ld be encountered on a rigid surface with the same roughness

In fact, for aircraft operations on extromely low strength soil (instantaneous

sinkages greater than approximately 4"). little effect of short wavelength grouno

roughness would be "felt" by the landing gear. Thus, it is evident that a dual

parameter system is necessary In order to define the suitability of a site for

aircraft operations. A suitable measure of soil strength defines ose required

parameter, Trhile a suitable measure of surface roughness defines the other

required parameter. S

1. Soil Parameter (Strenjgth)

Three methods of all those reviewed were cotsldered applicable for

defining the required soil strength parameter.

A. A cone penetromneter Index

B. California Beariug Ratio (CDR)

C. Military vehicle rut depth correlation.

The first two methods have long been used for defining strength parameters(. I S .19.o7 . Z")
for flotation analysls(] 8  The military vehicle rut depth correlation

""ite not been fully investigated. but it does afford the possibility of a simple

and q1uick evaluation method for an empirical airfield strength parameter. Be-

cause the third method is not operational at the present time and due to the fact

thak the cotie penetrtmeter is a better field evaluation tool than thin CBR, the

16
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cone penjetrometer type of Index is considered the most suitable rr'eaus to

measure airfield soil strength. The limitations and accuracy as~ojiated with

the use of the penetrometer certainly suggests the need of a more accurate

field evaluation tool. Until such a device is developed through an operational

stage which measures more fundamental soil properties. however, the use of

the cone penetrometer adequately fulfills the interim requirements. There

are four types of cone penetrometer@ currently available, including the. mobility

cone, airfield cone, aerial cone, and many variations o. the impact cone. Of

these four devices the mobility and airfield cone penetrometer are considered

most suitable and have been utiLized in automated field envirunrnent analyzers.

Both the mobility and airfield penetrometer provide weLl-developed correlations

between sail strength and &ircraft flotation analysis. Also, accurate correlations

have been established between theme two penetrorneters and CBR related flotation

data.

2. Site Parameter (Rouahness)

Of particular Interest in deffining surface roughness of soil runways is

the determination of surface elevation differences to within approximately

one-quarter to one-half inch. Presently used methods of remote sensing of
surface elevations were described in Section LUI. To date, only the laser

Iec•,nique has shown sufficient promine of fulfIlLing aircraft remote rougnness

measuring requirements. This section is concerned with the interpretation

of reughness data leading to the definition of a roughness parameter. The

problerm, simply stated, is to define roughness in a precise and meaningful

rraner with a mnirnimu number of variables.

Interpretation of surface roughness using run-iral profile data can be

Sbased on either a discrete (deterministic) approach( 1 3 ' 14, 15. 19. 22, Z3) or a
-- -- s•.t(24,• 25, 26). 27, 28)

..... &5 7 )A summary of each of these approaches

Is given below.

A. DViscrete Method

rhoe basis of most discrete methods in to take either the actual

runwa) profIle or a simulated worst condition bump or dip profile and use this

17
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profile as input to a maes-spring-damping mathematical model. This model

is intended to simulate the actual aircraft th-rough select on o" the proper model

parameters. Present technology permits an accurate characterizatlon of the

aircraft by use of multi-degree of freedom models( 1 3 ' 14. 19. 23) The advantages

of this approach include the ability to generate greater amcunts of and more

exact information including the determination of the magnitude and location (on

the runway profile) of peak ground induced loads at different stations within

the aircraft. The disadvantages include much greater compitter ru.nning times

in comparison to statistical approaches when accurate simulation models a.-e

used. Additionally the discrete method does not permit the development of guide-

lines or limiting values which might be applicable to a broad class of unsurfaced

runways. 9

B. Statistical Methods

The maJor efforts for ground roughness antLysis have been directed

at the statiasticai analysis approach. This effort was partly brought about by the 0

lack of success in early attempts to determine representative bump sbapes.

amplitudes, and vehicle speed to use in conjunction with landing gear design

and also by the previously mentioned large computational times. Two of these

statistical approaches are described below. 0

Power Spectra! f.l ......4 Ah

The power spectral density (PSD) method is a mathematical

method of presenting the essential aspects of the profile by showing the dis-

tribution of roughness (amplitude as defined by power spectra) with wavelength.

The higher the power spectral density at any wavelength, the greater the ampli-

tude or displacement from the mean (roughnees). Since the power spectral

method represents the average roughness over the length of the runway for

various wavelengths, the method cannot identify the magnitude or location

of the peak grouned induced load. It doep, however, permit the quantitative

interpretation of levels of roughness.

D
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fZ4. Z6)Vsens power spectral analysis methods, it haa b.eu observed
that most man mad, surfaces (runways and highways) arA natu-nl (virgin)
burfaces can be categorized by the simple expression,

P(C) S COj_ N (1)

where Af

PM) * power spectral density of the surface profile
height (Ls/cycle/L)

11 I spat.al frequency (cyclesiL)

C. N a constarnts

The value ot N has been shown to be approximately 2. 0 for natural surface*(26)
Air Force Flight Dynamics Laboratory has conducted soil runway profile S
measurements (28) and a curve fit to the bare soil muJeeted roughness criteria
yields an N value of approximately 2. 0. If the relationship as given by
Equation I is valid, then the magnltthde of the parameter C provides a measure
of surface roughness in a statistical sense. The larger the value of C, the 0
rougher the ground profile.

An alternate parameter to express roughness is to determine the
variance (a) which is the integral on frequency of the power spectral. density
(Equation I). This variance is a measure of the deviation (amplitude) of the
surface profile from the mean.

Another form of roughness parameter based on the PSD approach
was suggested by UITRI (13) and is based on a review of all runway power
spectral density plots for paved runways which were available as of 1963.
The following single parameter was used as a measure of roughness:

N +D
2a (2)

where
N11 an index related to the horizontal position of the PSD

curve at a spectral density of 1. 0 ina/raiiane ft.
D it an index related to the vertical position of the PSD curve

at a frequoncy of 2 v radians/ft.
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The larger the value of Q. the more severe the roughness In relation to

landing gear ground loads. Although the power spectral density approach has A;

received considerable use for defining the roughness of paved and unprepared

atrfields, conelderable work remains to be accomplshed in correlating PSI) o

with aircraft performance on soil runways particularly through the incor-

poratton of soil strength as it influences roughnesa.

Vector Approach

Since in specifying roughness the amplitude, wavelength, and

repetition must be considered, a vector quantity rather than a scalar quantity

has been suggested as a -nore suitable specification of roughnessZ 303)

This vector method consi2ts of subdividing the plan area to be investigated

into a finite number of triangular areas. Each triangular area is assigned a

vector (both magnitude and direction). Smooth surfaces have high vector

magnitudes and rough surfaceu low vector magnitudes. By comparing the

orientation (direction) of the vectors in adjacent Lriangtular areas, an indi-

cation of roughness can be determined since srnooth areas will have low

vector dispersions (see Figure 1), while rough areas will have hgh vector

dispersions (see Figure 1). * *

f"lire, 'a. Expression of Roughness

A quantitative description of dispersion (roughness) has been

proposed by Fisher(31) as,
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For smooth surfaces RI approaches N, and K approaches infinity. For

rough surfaces. A I approaches zero and K approaches one. This method has

been found to be suitable for describing roughness in a general sense(2 9) but

no correlation has been developed to define its suitability for land mobility *
or aircraft/soil type problems.

Selection of , Site Parameter

At the present time (1970), sufficient correlations between

mreasured soil surface roughness and landing gear loads have not been madde

to permit the selection of a parameter which adequately defines roughness for

aircraft operation on unprepared runways. It is recommended, however, that

the roughness parameter C as defined in Equation I be used on a preliminary

basis as a parameter for specifying limiting magnitudes of ground roughness.

A simplified look at thihj roughness problem is shown in Figure 2.

For high soil strengtho (apprdaching paved runway conditions), the limiting

(ZZ) (Z4)roughness approaches that of paved runways. For example, Hall 2 2 , Houbolt , * *
and the proposed airplane military specifications (32 have specified limiting

roughness levels for paved runways which yield a C value from Equation I of

C a 1. 7 to 2. 1 x 10-5ft. as shown in Figure 2. For low strength soil runways.

the ground roughness could be considerably higher since the compressibility

of the soil will smooth the input to the landing gear, The proposed military

specifications(3Z) have specified a roughness level for all bare soil ruaways

which yields a C value of C = 5.0 x 10°3 ft. as shown in Figure 2.

It shouid be recognized that the suggested roughness parameter

does not include the influence of soil strength on roughness. As indicated in

Figure 2. considerable research needs to be done for the Intermediate con-

ditions between high strength and low strength unprepared runways. Additional

efforts should include the further evaluation of the parameter C. ptwrhaps in a

modified form, as a suitable specification of limiting runway roughness for

21
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SECTION V

APPUCATICN.S TO ACTIVE LANDING GEAR STST•A3

Current aircraft shock strut Landing gears are systems which react to

$round induced loads in a passive manner. An active landing gear system

to one which permits the programming of the shock strut in anticipation of

czpected ground roughness. The use of such a programmable shock strut

requires the input of surface roughness and ground strength data obtained by

remole sensing to the landing gear system. An indicated in Section 1.1,

remote sensing devices (radar, infrared, laser. etc.) have been developed

through the operational stage only for a limited number of specific applications.

The active landing gear system ts a totally new proposed use of these remote

uensing systems and consequently corsiderable research and: developm, ent

must be undertaken to bring such a system to the operational staGe.

There are two possible modes in which the active landing gear system

could be used. For aircraft in landing and take-off operations, the discrete

mcle would use forward looking remote seusing devices to measure ground •

strength and roughness in the path of the landing gear system on a real time

bhais. This ,.t.. which.. povida:.h ..... toan- . ord mpboa rdd bc i

used to program the, landing gear in anticipation of the expected roughness.

taking into account the ground deformnability based on soil strength. The

second, or statistical mode, would utilize airborne remote vensed ground

roughness and strength data as a basis for a statistical input for programming

the landing gear system in landing aud take-off operations. A review of

existing techniques of remote sensing of ground roughness and strength for

possible application to the active landing gear system is summarized in

Table 3 and 4 for the airborne seasinjr mode and the on-ground sensing mode,

respectively. These methods of sensing are defined in terms of their present

state of development for appi•cation to the active landing gear concept on a

real time basis.
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Table 3. Aircraft Airborme Beosing (StatlltlcAi Mode)

R et#arch Feasibility Operational
Stage Stage Age,

Roughness Airphoto
Sensing N Atro1o1 Lamer None

(Site Parameter) Mtcneor 5 4

Strength Air Droppabie Can*
Sensing Airphoto Penetrometer Penetrometer*

(Sit@ Parameter) MilitarT Vehicle Tractor Crawler
Rat Depth* Pwentrounneter 4

* Requires ground crew

5 4

Table 4. Aircraft On Ground forward Sensing (Discrete Mode)

Research Feastbtlity Operational
Stage Stale Stage

Roughness

Sensing LAser Name 0"10
(Site Parameter)

Strength
Sensing Microwave0s; None None

(Sita Parameter)

CC Suggested as holdiag research promise (33) 4

S 4

* 4

* 4)
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As Indicated In Table 4 the aircraft airborne (statistical) mode is in the

most advanced state of development for application to the active landing Sear.

Recent work by the U. S. Army Tank-AutomotLve Command(33) have shown

the potentlal for using active .uspension systems in reducing ground induced

loads. Although the use of aLrborne sensors and on-ground remote sensors ,

in conjunction with a programmable landing gear holds promise for potential

reductions in landing gear loads in landing and take-off operatlons, considerable

research and development still remains to be accomplished.

S
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SECTION VI

CONCLUSIONS AND RECOMMrNDATIONS

1. The results of the literature review, the organizational review,

and thib study indicate that:

A. The cone penetrometer is the only operational device for
*

evaluating an adequate measure of soil strength for rapid In situ procedures

which satisfy the requirements of portable equipment, rapid measurement.

and little or no data reduction. The mobility and airfield cone penetrometer

presently fulfill these requirements, and the military vehicle rut depth

correlation technique is also very promising.

B. The aerial Impact penetrometer and the tractor crawler

penetrometer (automated field s,attoa) are the only devices which have been

shown to be feasible for evaluating a measure of soil strength by remote

techniques although a microwave device ham been suggested as having potential

for soil strength evaluation. Aerial photographs can be used to infer soil

strength with limited accuracy but at the present time (1970) cannot provide

this Information on a real time basis. 4 *
C. The laser profilometer is the only device which appears feasible

for determining an adequate measure of ground roughness on a real time basis,

but It appears that the laser device will have to utilize other remote sensors

(infrared and photographic) in order to become an operational technique.

Z. On this basis, then:

A. Research efforts should be continued on correlating cone pene-

trometer indices (both AI and CI) with aircraft operations flotation performance 4

on unprepared runways, utilizing the cone penetrometex Lndices as the only

soil strength parameter until such time as future research indicates a better

in situ rapid evaluation technique. In addition, research efforts should be

undertaken to fully evaluate the military vehicle rut depth correlation technique 0 4
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through a Limited number of field operations. Such a technique can provide a

vital interim tool immediately usable to pilots for determin=lng the suittablity 4
of site* for aircraft operations. ()

B. A suitable method oi expressing surface roughness (the

site parameter) has not been developed to date. Although several roughness

parame~ers have been suggested, none have been fully verified through corre-

lations of aircraft perfcrmance on soil runways. On a preliminary basts the

roughness parameter. C. would be used as a site parameter. Considerable

research remains to be accomplished in determining a suitable method for

expressing roughness which, when combined with t'he soil parameter, will

permit the determination of the operational capacity of aircraft on unprepared

runways.

C. Should research efforts leading to the development of

the active landing gear system consist..n then research should also continue

primarily on the laser profilometer device but aiso on the other remote sensors •

as research shows the feasibility of these rensors to active landing gear

applications. A description of the state-of-the-art (1969) of all remote sensors

(34)and their applications can be found in Needleman's report
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lb. liat of literature that appears in this Appendix has been

crossed referenced in relation to both rtnnote and in situ flotation

parameter .valuatiri method*. Saxne of the articles listed have no

•rose indexing, as these articles are not directly related to any

specific evaluation method. The followtrn key to this Appendix

defines the reference symbola.
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The following is In exact duplicate of the letter and Information

request sent to these organizations for review and conment.
i
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Chicago. I1'inois Cleveland. Ohio

Waterways Experiment Station Boeing Conmpany

Vicksburg, Mississippi Morto., Pennsyl'eania 1

Princeton University General Dynamics
Pr!ncetoi. New Jersey Fort Worth, Texas

U. S. Army Tank-Automotive Center Grummrnan Aircraft

"Warren, Michigan Bethpage, New York

Air Force Cambridge State University of New York
Remearch Laboratories Buffalo. New York

Bedford, Mass.

U.S. Naval Civil F>%gineering University of Texas
Laboratories Austin, Texas

Port Huenerne. California,

The aoeing Crnpany Howard Uniler;sity
Renton, Washingtonx Washington, D. C.

Cornell Aeronautical 1.ab, Inc. Old Dominion Un' ,ersity
Buffalo New York Norfolk. Virginia
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UNIVERSI1TY OF DAYTON
DAYTON, OHIO 45409

RESEARCH iNTITUiTE 4

Dear Mr.

Attached are two coples of the Information request we diesussed

recently. Please keep one copy for your own file and return the other
CoFT to me after completing your review of it.

p
Thank you for your interest and cooperation.

Sincerely,

* S
Dr. David C. Xrnft
Assoc. Professor. Civil Engineering
and Engineering Mechanics

University of Dayton Research Institute

DC&-mw
Luc 1.
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SUBJECT: In-Situ Rapid Testing and Remote Sensing of Soil Properties

1. Your participation is requested in a current University of Dayon
program to identify and evaluate current methods of in situ rapid
testing and remote sensing of soil properties which will define soil
properties applicable to aircraft flotation and operation on soil
surfaces. Thece methods refer to tests and/or measurements
common to mobility and flotation type problems.

2. Based on our initial review of existing literature and/or research
studies, a listing of existing methods has been prepared and is
attached. Your review of the listing and the addition of your applicable
commnents as well as an indication of the method or methods your group
considers as currently the most feasible will be appreciated. While
you and other selected individuals are being contacted and the responses
to this letter are evaluated, the University of Dayton will continue is
study of methods. The responses to this letter will be used a•s a guide
for a more detailed study and evaluation.

3. Although your participation is requested on a no cost basis, each
individual responding will automatically receive a copy of the final
report at no cost. Thank you for your interest and assistance. If
there are any questions, please call me. (A/C 513, 229-Z036) 0

Attach (2)

I Subinary of Methods (2)
2 Return Envelope
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APPENDIX C

S
Descriptions of In Situ and Remote

Evaluation Techniques
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TEST METHO1U. Fenitratioo

TYPE; Mobility Cone -C1

Description: The mobility cone is a mechanical field instrument consisting

of a 30O rigb* circular cone with a 1/2 sq. in. baso area mounted on one and

of a 36 in. shaft. A proving ring with a dial gage and handle in mounted on

top of the shaft. The dial gage reading in in ternis 4f cone index, C1, given

in Pat to a ma~ximrum value o~f 300. CX numerically equals th. force of

penetration divided by the Dase area of the come tip. The shaft to normally

reduced to 318" diameter to iavoid shalt friction. There is ao 2revently

avasilable mathernaticul solution to th. description of pene~tration resistance

iii tern-s of either soil mtresesetralri pro;erties or classical kzijure theory

paramneters. The cone is sensitive to -ariat-icon in its phymical shape and

size rad speed of penetration, and thus the size acd shape has been -stand&aroized

as in the came of the mobility con*. The rate of penetration prcseetly used as

standard is 1.Z5 inches per second, and sniaji deviations will not void the value

obta ined.

Procedure. Before starting the test. the~ dial indicator must be zeroed while

the instrumrent is suspended by its handle. Then, placing the cone tip on the

ground surfAct the opervtor positions himself to be able to force the cone

into t~ke ground whbile t~cdin -hc dedr u avertical plane. Whil penetrating
the soil at a steady rate of appr,=iniately I1-/4 inches per second, the opera-
4or reads the value of CI as the corue top enters th-ol n es subsequent

ý%7! readings at 3 inch intervals to a depth ol 18 inches. The C1 values arn plotted

versus depth anid then the aoiJ strength c~a. be specified as the CI at a given

dootl'. of penetration or as an a ieritre CI over a given manre of depth. Scme

care and experierice are necesii&~ry to obtain good results and two men runnung

A the te~st help wo make the data. more reliable. It should be noted that this in an
Ab-eitdvrini h on'e, e fpoeue a h eeec

below should be consulted for driaid,.

AQ



Discussion: For a CI value of 30C, i00 pmand& oS force must be applied to

the staff; therefore, an avyrage man woutld Aind it di£fficult to use this instru-

ment in hard soil .CBR 7. 5) accurAtely. The device is for use in fine-grained

@oil and soil which contains large r-ck or which is composed mainly of large

rock cannot be evaluated bf this method. More than one CI test should be

performed to establish the homogenity of the soil and to increase the reliability

of the results, but the exact number of tests has to be determined in each c-ase.

This test is quick and easy to perform, and has been used in flotation research

so that considerable correlation does exist for current flotation analysis.

Over all, the mobility cone penetrometer is a good soil strength evaluation

device, even though it does not measure a fundamental soil property but rather

some combination of the fundamental strength parameters, cohe.-on and friction.

Reference: "SoUs Tralficability". Department of the Army Techuical Bulletin -

TB ENG 37, Headquarters, Dept. of the Army. Washington 25, D.C.,

10 July 1959.

5 9
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TLSr METHuLi. Penetration

TYPE: Airfield Con.e Pnetrometer - A6

DretL ription: The A'.rfield Cone is a field device that consists of a 300 right

circular cone with a base diameter of 1/Z inch (area * 0.2 sq. in.). mounted

-3n a graduated staff. On the opposite end of the staff are a spriLi, a load

indicator, and a handle. The overall length of the assembled penetrometer is

about 36 inches, and disassembled the longest piece is 14-3/4" long. There

are two extension shafts, the handle, spring load aseembly. two wrenches, and

one extra cone tip in the airfield penetratneter package, and the total weight S
is about Z.6 pounds. The load is measured by a calibrated spring which is

used in tension much like a spring scale, and the readings are given in tens

of pounds. Thus, the maximum reading, which is 15, is equal to 150 Ibs. on

4 the device. The parameter measured is called the airfield index, M, and is

equal to the load on the tip divided by 10. Thus. A is a rueasure of force.

The only difference between AI and CI is the range of readings and the sensi-

tivity of each instrument. CI equals fifty times the AI value.

• .
Procedure: The procedure for operation of the airfield penetrometer is

identical to that of the mobility cone penetroneter with the exception of the

penetration rate, which is 1/Z to I" per second for the airfield penetrmneter.

The readings are taken at specific depths as determined by the Z" graduations p
marked on the shaft to a maximurn, depth of 24". The device should be kept

clean and oiled, and when performing a test care should be taken not to hit

rocks while penetrating the soil. If a rock or o.her obstruction is hit during

a test, the erroneous reading should be disregarded and a duplicate teet run.

Care should also be used when determining the depth of penetration for a given

reading. This test is identical in form to that of the CI test and the data is

red%: in the same fashion. The advantage ni this de.Ice fL reattd ecely!

60
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to the size of the tip, for in stronger *o*ls it takes lIes load on the iastru-

ment to penetrte the mail.

Discust ion: The w'tight of ths operator as w4ll as hif ttrtngth Wnrits the

penetrometer readi.g ani .!e device will not accurately measure soil propertloo ko

in other thio fine &ralned moils ind sand. Li possible. two men should run the

test and muny testg at a given mite should be ruz to Improviv the reliability and

accuracy. Somre udgemrent must bi exercised by the operator in evalu.ati•g

the rtsultx. partcularly if only a few tests are canducted. A. -with the

snobilit-f ton0 tLe Al value is Lot a fuuda'nenta sot4 proptrty, bot rather some

lumped stretah pnrw'etet of cohesion and friction. Like. the C.I, the Al to a

Scvd indicatw of etrength for evalu&ting flotation capacity.

Referencei: "'Desciption and Application ofAirfield Cone Penetz orneter"

W. B. Fenwick, Instruct•on Report No. 7, U.S. Army Waterwrys

Dev•rirnent Station, Corps of Engineers, Vicksburg, misa.,

October 1965 (AD 6GO 746).
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TEST METHOD: Penetration

TYPE: Remolding Index (RI)

Deescrptior: The remolding index is an expression designed to indicate the

effect ot multiple passes of a vehicle by describing the proportion of the

or-ginal btrength reta••ed in a soil after that soil is remolded as measured by

before arnJ zft-r C1 readings. The equipment needed is the mobility cone

penetrometer, a phi n-type sampler that is 7 inches long and 1. 9 inches in

diameter, a baae plate with attached cylinder of the same dimensions as the

sa•mpler, and a cotpecioz% drop hammer with a I1 inch free fall and weigh-

ing 2-1/2 poundw.

Procedure: A 6-iuch sample which is obtained with the piston sampler

is extruded Into the cyllnder• and puahed to the bottom with the foot of the

drop haWMVer canpsCcto•r. Týihe C1 readings for th.s sample are taken as the

the cone zop enters the ur"•ace and at vertical increments of 1 inch to a

depth ox 4 e:hea. The sample is then remolded using 100 blown of the hammer,

and the penetrations, repeated. Dividing the average of the five C1 values

after xenA'Jiz by the average cf the five readings before remolding gives the

.1 value. The proceduree uaed for obtainiug the CI readings ase sirnilar to

thoeer used for the field teat, r.ccept for the depths at which the C1 value is

r'-ad.

Discu~si' 'This mnezhod is llnite4 to flue grained soil and sand, and requires

a concideýrable &r.'iotint of equipmezt. There is the problem of reliability,

ftr running 10 to 15 of bhcea teste would bi. very time conat~x~ing and there are

special pr4'cedurev to be fc/lo'ed in sorne specific ca.ss Therefore, due to

the reliahiiirT, cquipnien., and tirne limitations, the renmtoldiug inde-x ir not a

gtod tfted evaluw.ý.on tool for llctat!ou analysis.
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References: Department of the Army Technical Bulletin T53 LNG 37,

'Solle Trafficabiltiy", Headquarters, D-ept. of the Army,

W&ahington. 11.C.. I0 J.y 1959.
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TEST METHOD: Penetration

TYPE: Air.leld Penetrometer Remuolding Index A;

Description: This index is identical to the remolding index, both in procedure

and purpose, and is used when testing moils that exceed the range of values I

that can be measured by the mobility cone penetromcter. The equipment

required to run this test is identical to the remolding index test with the

exception of exchanging the airfield penetrometer for the mobility cone

penetr om"neter.

Procedure: The procedures outlined for the remolding index are aj;plicable

tu this test.

Discussion: As is the case with the remolding ivdex, complex operational

and analytical limitations make the airfield penetrorneter remolding index

impractical for an evaluatio.n tool as related to flotation analysis.

Reference: Department of the Army Technical Bulletin TB ENG 37,

"Soils Trafficability", Headquarters, Dept. of the Army,

Washington Z5, D. C., 10 July 1959.
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TEST METHOD: Penetration

TYPE: Rating Cone Index - RCI

Description: The RCI is intended to express the soil strength rating of a

point subjected to sustained traffic, and is numerically equal to the measured

cone index multiplied by the remolding index. The equipment necessary to

obtain a RCX value is the same as that for the remolding index.

Procedure: The remolding index, averaged over some area, is obtained in

the standard fashion while CI values in situ are obtained at various specific

locations. The RCI at those specific locations it the product of the a.verage

remolding index and the CI at that loca.tion as determined by standard CI

procedures.

Discussion: The RCI is limited by large data collection and reduction

requirements and by procedural complications, some of which are noted in

the discussion of the C1 and RI tests. Due to the above limitations, the RCI

is not well suited for soil strength determinations for aircraft flotation

analysis.

Reference: Departnent of the ,. rmy Technical Bulletin T13 ENG 37.

"Soils Trafficability", Headquarters, Dept. of the Army,
3d

"Washington 25, D. C. , 10 July 1959.
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TEST METHOD: Nuclear

TYPE: Moisture and Density Determination by Backscatter and

Direct Transmission Methods

Description: Nuclear instruments are commercially available devices that

contain small nuclear sources for the purpose of emitting neutrons for

moisture determinations and gamma rays for density deteznminations, by

applying the principles of nuclear attenuation. The device contains a sensor S
or detector and a scaler that counts the no-u.rons or photons that return to

the sensor by either backscatter or direct transmission. The density and

moisture contents are functions of the transmission of these particles either

through the medium or reflection off the medium. By use of a calibration

curve, the readings can be converted to density or moisture content through

the use of eitho.r direct count per minute or count ratio methods. These devices

have been shfown to be as accurate as the sand cone method and only take an

approximate 15 minutes to get a moisture and density determination.
p *

Procedure: The test surface must be level and free of loose material, and

relatively free of large voids. The gauge is then placed on the soil surface

and hooked up to the scaler. After allowance for warm-up time, three

one-minute count readings are taken and thhe auge is then • 9100 or

1800 and three more one-minute count readings are taken. The total of these

six readings are divided by 6 times the standard ccunt 2s determined during

calibration. The wet density or water content can then be determined .rom

the calibration curve. The latter description is the surface backscatter

method using the count per minute calibration method. In the direct trans-

missi-n method, the procedure is similar to the backscatter method, except

that the probe is inserted into the ground before the readings are taken. In

the air gap method, the gauge is set above the ground in a preset distance

before the readings are taken, and the procedure is identical to the backscatter

method for ta•ring the readings.
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Discussion: Nuclear devices measure very smnalU quantities of soil in the I
determination of moisture and density. They measure to a depth of approxi-

mately 6 inches and for a volume of 0. 1 cu. ft. of material maximum, depend-

ing on the matcrial and the density. Calibration curves for each instrument

should be determined to check the manufacturer's curve and verified each day.
*

In addition, for accurate measurements, calibration curves need to be nade

for individual soils. The equipment, which in rather large and bulky, needs

battery power or other power source and has many safety regulations that

must be observed. The main drawback is the necessity of calibration for

each soll type encountered and the reliability of the results. The principal

advantage is the speed of operation and the non-destructiveness of the test.

References: "Evaluation of Nuclear Methods of Determining Surface in-Situ

SoU Water Content and Density", T. B. Rosser, S. L. Webster,

Misc. Paper S6915. U.S. Army Engineers Waterways Experi-

m•nt Station, Vicksburg, Miss., April 1969 (AD 688 079).
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TEST METHOD: Penetration

TYPE: California Bearing Ratio %CBR)

Description: The CBR test is a plate bearing test to determine the CBR

value which is the ratio of the load necessary to pash a cylinder into the

ground relative to a standard load. The apparatus is composed of a 3 sq. in.

end area cylinder, a screw jack, surcharge weights, a proving ring, a dial

gage, and some type of rtaction frame.

Procedure: After setting up the CBRl apparatus on a smooth soil surface,

a test is run by forcing the piston into the soil at a rate of 0. 05 inches per

minute while recording the load at 0. OZ5 inch intervals. After maximum

penetration of 0.5 inches, the CBR value is calculated by dividing the

measured load at 0. 1 inch deflection by the standard load at 0. 1 inch deflec-

tion. The standard load Is obtained from a test on a typical well-graded

crushed gravel. A standard annular surcharge weight of 10 pounds is

normally placed on the surface before running the test, but if the test is not * *
run at the original soil surface the surcharge weight is increased to approxi-

mate the weight of the overburden that was removed from the original surface.

The load vs deflectio'n curve is plotted to expose errors due to improper

seating of the piston on the soil or premature shear failure. The standard b

values for load vs penetration for a typical well-graded crushed gravel are:

Penetration Standard Load
(in.) (psi)

0.1 1000

0.2 1500

0.3 1900

0.4 2300

0.5 Z600
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Discussion; This device is bulky and heav-, and requires a reaction frame ()

for operation; therefort, it could not be carried by one man. There is

considerable data compiled that relates CbR to flotation analysis and the

CBR Is a well known test that is generally understood by most engineers.

The results, hoiever. are not always consistent and the loading rate is low,

but a major drawback 13 that the CBR measures strength only under a sm7al4 l

deformation, Blased on the above limitations and considering the length of

time to run a CBR test, not to mention the experience required to interpret

the results properly, the CBR tent it not a good field evaluation device.
S

References: "Investigation of Test Bed for Airfield Matting Test Facility

Model Soils and Boundary Effects", B. V. Washolder, Naval

Air Engineering Lab (Ship Installation), Philadelphia,

November 1954 (AD 8Z0 42O). 5

"Aircraft Landing Gear Dynamic Loads from Operation on

Cl: y and Sandy Soil", C. K. Butterworth, W. B. ITrusdale,

AFFDL Air Force Systems Coamiriand, Wright-Patterson AFB, * 0
Ohio, March 1•69 (Preiirninary Data).

"Subgrade. Subbase, and Test Method for Pa-vement Base -

Course Materials". MiL-Std-621A, 22 December. 1964.

* 4
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TEST METHOD: Penetration

TYPE: Bevameter Bearing and Shear

Description: The bevameter bearing and shear apparatus are two entirely

separate units, one of which is a measure of the shear strength of the soil

and the other which measures the bearing capacity of the soil as related to

trafficability. There are six different soil values obtained, three from the

bearing unit and three from the shear device. The three parameters obtained

from the bearing unit are identified as the moduli of sinkage, kc and k , and I

the exponent of sinkage, n. The parameters cohesion, c, angle of internal

friction, (0 . and the tangent modulus of deformation, K, are obtained from the

shear test. These parameters are related to the bearing and shear tests

through B/ekker's load sinkage equation and a modified form of Coulomb's

equation. The bevarneter bearing equipment consists of a hydraulic load

cylinder, a rotary potentiometer or helipot, a load cell or transducer, various

sinkage footings, an X-Y plotter, and a reaction frame that is weighted by the

operators standing on the frame. The shear device consists of a trans-

mission, a shear head shaft, a shear head, a constant normal load applicator,

instrumentation for measuring the normal load and torque, and a reaction

frame similar to that of the bearing device. A power supply is necessary
S

for both devices.

Procedure: Load Sinkage Test - The bearing device must be capabLe of

developing 35 psi footing pressure, a load sinkage rate of 60 in/main., total

travel of 18 incihes, and at least 2% accuracy on the measurement of the load 4

and deformation. The load-sinkage curve is continuously plotted during a

test as the hydraulic cylinder is used to force the plate into the soil. The

detailed procedures for obtaining one set of test values involves site prepara-

tion, trial tests and data reduction, and a minimurn of ni•_ea uzing three

different plate sizes. The data reduction involves plotting the sinkage vs load

70
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data by plate sizes onlogarithmic graph paper and drawing parallel straight

liaes through the data points of which the sinkAges were two inches or greater.

The slope of these lines define the value of "n" and the intercepts of these

lines define constants that can be related to k and kc by a relation derived

from Bekker's equation.

Shear Deformation Test - The shear device must be capable of

rotating the shear head at approximately 10 rpm, free vertical motion of the

shear head, maintain a constant load throughout the tebt, and have an annular

shear head that has a minimum 5 inch inside radius. The shear stress-

deformation data is recorded as the shear head is rotated under a given

normal load to the point where the shear stress is a constant or until a con-

stant rate of sinkage of the annulus occurs. The detailed procedure for obtain-

lig one s@;t of test vulues involves site preparation, equipment adjustment.

and at least four different normal load readings with three repetitions each.

The data reduction involves plotting the shear stress-deforrnation curve and

then the ultimate shear stress vs normal load. The value of K is defined in

terms of the initial portion of the shear stress-deformation curve, and the

values of c and 0 is determined from the ultirate shear stress vs normal

load curve.

Discussion: It is obvious that these two devices are not well suited for

rapid determination of soil strength because of the equipment size and

power requirements alone. Other problems involving these tests include

the sensitivity of the results to test procedure; seating of the shear annulus

flush to the ground; erratic results obtained when roots, gravel, and rocks

are present; and time involved it running sulficient tests to have reliable

results. This test does attempt to measure fundamental soil properties

yet the data reduction is not always possible and the results are questionable

even with expert interpretation.
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Iefer v in: '.'Mobt~iiy Xnv~ronm enta j ReeeaO r,. Study M cbslity Tcitati (

Procedure.,' ZR. A. Llston, v: A&., U.$. Army Engineer
Waterwa-e LAxpwrirnent St.Atton, Corps of Enginvore.
Vicksburg. Mi•e. , February '966 (AtD 800 442).

"A Sudy " Tropical Soit Strengths,,, D. A. 5loss and
D. U. "•saaline, p!esonted at the Second laternattuov,*
Society for TerrainoVehicle Systen-is. Quebec City. Canada,

August 1966.
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"rE.T MELrHOD. Shsar

TYPSErgraph (t

D~cripo: The Soil She&rgrapt in a small, hand-held self-recording

field devtce tiat Ir d• r•-grnio ineajre the angle of friction and the apparent

cohesion ef a &•i. The device, whiczh is 18 inches in length, Is composed S

ofa cmAll grourede shear he4d wth attcheod recording pen, & calibrated

taivion sprint. # recordtrg drunt- itth attached calibrated graph paper, and

at hw~ndl,.

Procedure: Ir Gperation. the s*ear bWad is compltetaly inserted into the

moil, nmormal striss it applied tc tht *heaw surface through axial deflection

of the sprir,&, •.• shearinrg strapes in ,pplid by tisting the recciding drum

until the aoil fails. After joil shv's" failmk• occur•., the normal load is

graduAlJy reduced and, since the soil wiU husuest, vOty a given amcivuP of

&heering stress for 4.-Y•rticu•ar r.A••. k•oad, tOe recording pen will trace

the curve of shear stress versus nozrrai cteoe •s che latter is reduced to

zero. The datar recorded on the graph paper ic seduced to values of cohesion

and thct frictkig angle by fairing a stratiht libe trtough the average of all the

test plots of shear stress vers-js norm&! .trevo. ThG slope of this line

dedines the angle of frictwio:, ,od the. w.aercept delines the value of apparent

D..iia C.4 The ehet grapn wa designed to maaeure ouly su•face reaction

of a soUl for the purpose of evaluating urf*'ce tra.tioo of vehicles, and as

such. does riot adtquately evaluate the actiou of a wheel unless the 3oil is

particularly hard anr' cohesiva. It wikt rot aieq\,ýtslf define the strength S
in cohesioriless soil du to I-sck of stren~th at the surface, a~lowing sand to

f1w from bcnesath the deince. fherotor., due to limited applicatioa and noting

that there is no ccrre.atiou between sheot" raph data and flotation analysis,

the saeargrapL I* not good method to evaluatt soil esrength for flotation

analysis.
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Referancea: "Soil Shargrph. ' G. T. Cohrrm. A . hl Ir:

Vol. 44, No. 10, October 1963. pp. 554-55C.

"Cohron heargraph for Shearing Strength Measurement.

G. T. Cohror., Journal of Envtorne.-ttnI lciencets: Vol. 6,

No. 6. Dicember 1963, pp.. 17-20.
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TEST METHOD: Pen'.trat.o:

TYPE: Uiitay Vehic'c Rut Oepl .o Corrolanon

Deo:'ption: The prediction oi toil CýIeagth Lan h': deterrnin- by reL&t~r~g

eparlmenztally the noi- strength with the m-kage of a given ailitary vchfJ-.e.

"Thero exis.s a re'tiaUn of sinkage versus uol; stra.th,, tirr . :

amid other v-ohicle pnrarnezers, and therefore, tzrcagh t;..,j use of din.•',uai

aatdyxis, & ix-l'ip that contuins these variables cun bo -'kterL'!Of ai-4.

uoad to evaiuat-* v,c4I s.rength.

Procedures: To find the strength of a given field. a military tr.Ack of the

6yro that has previvitly been calilradi by field tests it run over the soil

surface, By neasuring the @oil deformstion or rut depth, the soil strengtL

cpn be cittermixxed by looking into a table for that type truck with some

mnosare of it& groas weight at the time to determine the strength ,nf a soil

ccaiptueding to the amount of measured rut depth. This strength is then

used us the vtrength of the soil, and can then be directly related to aircraft

* 0

012cusston; The fesstbiity of thit method, which to rapid and easy to

inl.-Pret, has been demonsi:rated in relation to heavier military vehicles.

Hcmo@ver, at the present tiam sufficient correlatior has not been accomplished

to fully r•vauuate soil strength based on military vehicle rut depth. Other

t•lte the w*Ight of the military - e'-€ie usinlg. xmi depths too emall to measure,

thero ar-Y ,r. limitation* oan this approximute method of predicting soil surface

-A f.rent. "Evaluation of Soil Strength of Unturfaced Forward Airfields

by U.. of Grwumd Vtthicles, " G. M. Hammitt, Dmaft Copy,

)Rspv.rt No. 1, Office Study, U.S. Army Waterways Fxper'-

=iat StatL.n, Vickrbuarg. Mississippi. May 1968. 0
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,rEST METHOD: Remote Sensing Tecbhnque - Photography

TYPE: Metric and Multispe•t:ral

Description: Metric photography, wihz i•i a xi-ranch of thViv fijl, op hoic.

Interpretation cilled photograrzmnetry. ti a ac-ance which den.l with z.ue\ure-

ment of objects as recorded on photographs. By use of suereo -eztical

photoaraphy, the photogrametrist can determine ground proft1.'.• and viany

other useful items such as soil type, moist.ire cont'izA, aod d-arev of con-

molidation in crude form, but theme •atter items az• %r.'Ivvd ;t .nLy ýitrough

extensive study by an expert photo Interpreter. T'crc are thkree zeneral tyyes

of aerial photography: frame, pnoramic; and strip type. At present, the framre

type photography is better suited to the ascertaining of soil profile and roughness

data, due to its stronger metric qualities; but the strip and panoramic types

have much greater fidelity than the frame type, and therefore the metric qualities

of strip and panoramic photography should be further developed. P

Procedures: The frome camara is a conventional 9"x9" aerial mapping camera

and is defined as a camera in which an entire frame or format is exposed through

a lens that is fixed relative to the focal plane. The best type of camera for •

metric photography has a between-the-lens type ghutter and uses roll film that

in controlled automatically with the shutter. This type of camera, which can

have a focal length range of 3-I/Z !nches to 48 inches, can be equipped with

image motion compensation which is necessar-, for raetric work. The rezo-

lution in this type of photograph is variable, and i. best at the principal point

and 6eCS worse as the radial distance increa es toward the edge. Common

values of resolution are from 30 to 50 line pairs per mm.

Discussion: Some of the siources of error, when trying to interpret aerial

photography, involve the density of the atmosphere at the tme when the

photography was expoted, radial and tangential lens distortion, film distortion,

film thickness, migration of silver halide crystals during developing,

7 6



anui.i&loxn crei-, Jimage irradiation, physical camera distortion, and actual

sisr anti shape of the silvm~r halide crystals. Soms al these errors, fiuch an ~
C~if 'ivuitty cd the atmosphere, are not com'pensated and others, such as the

x-.dizl and tangential lens distortion, inr-o~ve physical irzpos slbilities as

cranpensation of the one causes .. rrors in the o~ther. Yet these error# a~e

veiy 4m.411, and' with state of the art techniquen and equipraent, most errors

can bt tlecntified and compenriated. It has to be remembered that the rnboie

di~vs'sis-rn dais not include the errors irtroduced by irnproper run angle,

haag in the attmosph..re. g, ound colaring for con~trast. ý"Ieight of the

photography azud scale, ind many other mx.iafl but lxraortar,t features.

Evan conisidering the above inenlioued problo-tir, the ~3endix report

picks photography (i e. , the fraio~e forlaat type) as the beat sensor fnr the

site eelec-tion task for giving accurate profiles for cut and fill calcula-ions

and mazterials evaluation. This recc-rnucndation, based on the frarnc format's

excellerit metric quality, alro stated thiat imnAge. motion coxnpenartion waz

* essentL..l jnd th.ht converg-nt photography give, the ben. geometry for data

analysia. Convergent photography, which is tithea ewith two cameras tiltcd

tov.ard! each other at nome au.gl~ bccween V3 and 450, givn-a better xretric

qualitlifa th.Ax the~ standard. type photography. I' was alvo note.. that szr-ip and

* pan photography. which give excellent, fidt-ilty Land resolution, may replace the

* frame foruat photogr,-phy by improving the uaetric iualitier of strip and pan

through the use of an'."ytical stereo plotting instezd of rr.anual plotting.

Ax an indication of the accuiracy possible w'ith aerial phutography,

the folla*Ang equatior, in preveunted. This equation predicts the amount of

error present in any oae specific determination of the height of an object

imaged in a ph;.tograph.

Mz 2

0 0l

~Li ~ ~ h



where,.. amount of error in a spot elevation list of Dal tion

H = height of camera above terrain

B a difference in hortzon~aai position between photcgrxp:2s

f - camera focal Length

mX z exptirime~ntally determined amount tof error in zny onc

readlnig and is the amount of parallax divided by 2 that

:an be resolved on the photograph. m xchanges for

each photo and the best that can be gotten to date is

0. 005 mm.

This equation assumes the use of an anaLytic'Le stereoplotter much as the one

developed by the Bendix Corporation. as well as perfect conditions for both

photography and developing. The analytical plotter mientioned is vezy accurate

and fast. but cannot now operate in a continuou~s mode at this accuzacy Level.

Actually, the essential part of using; aerial photography data for

flotation analysis is the developing of a correlatioa between the data presented

oni a photograph and flotation pa.rameters so that the photo interpreter clll have

a correct interpretation lk--y aft has been done by WES. The reason for the need

of this key is that the process of gathering iniormavtion such -as toil prapertier.i
from photographs is otie of inference. Therefore, to further aid in this process,

the Analysis of airphotos hat taken many forms such as color, Irnfrared, and

Mutitispectral photography. All of these assist in developing the basic flotation

"inoyation an~d the angjyitaI of these newer formr of p~hotography iv being done

by computer through the ust. of spectral dexsity measurements L)( the photos.

The stAtietical analysis of such data show promise. bu~t as y.tt have not yieldeii

the a&towers to the basic problem of correlation from photo data to fundamaental

properties rach as soil strength. Land forms, gf -eral classification of noil

typea, xnd identification of vegetation are all presently being done. bu~t the best

tha~t can be expectvd for flotation ArýLiysiff is An approx~imation Of water conternt,
density, and sail type. From just these three parameters a soil strenigth will

ht%'e to be estimated, L-nd. at presenat. such an est~mate would be very crude.
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Many spectfic examples of remote sensing accomplibshneuts are

ava•iLable, yet there is not one completely unable system for the flotation (,)

analysis task. Therefore, the following examples of airphoto analysis

will be presented in summary to indicate the state of the art. ..

The highly developed panchroma. .c photography, whic-i is black and

white photography, it the nost widely used remote-sensing technique because

of its. av•tlability. low cost, an4 high information content.

Infzared photography is sensitive to change in temperature, and,

therefore, very accuratiely defines drainage patterns, bodies of water, som*

vegetation, and &oil moisture conterts.

Color photography is very useful in studying tpectral signatures of

soil types, vegetation, and other geologic features due to its rrany tonal

characteristics, which become even more important in light of computer

analysis of remote-senmor data.

InWrared color photogroaphy is an-'ther of the varied combinations that

are possible ior use an a remote sensing device. This type photography more

clearly shows changes in vegetation aznd -itgetation vigor than standard color *
photography.

Multlspectral photography is an atterr !t to use the best featurns of al!

the spectral regions that can be ý:ecarde& on fila, an•d it requires accurate

spect.ral signatures to be developed and computer data processing. It may be

the best approach to rcmnote-sensing of flotation data.

In the final analysis, aerial photography has been thown to be the most

valuable and developed of all the remote censor-s, yet the rpeeific problem of

relating aiYpho*;o datU to flotation analysis has not been fully irvestigated at this

time. Therefore, evaluaion ta definite terms cannot be made of airphoto

aaalysis exca.t to say that the evaluation of landing si:e3 for aircraft does seem

feasible from high qu-lity photos on . non-real time basis. This would include a

crude estimrate of soil strength and rine evaluatioL of surf.,ce roughness.
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References: "An Optimum Multisenmor Approach for Detailed Engineering ()

Soil Mapping." H. T. Rib, Joint Highway Research Report

Number 22. Purdue University, Lafayette, ladiana, Decern-

ber 1966 (PB 176310).

"Remote Sensing and its Application of Highway Engineering,"

HRB Special Report Number 102, Highway Research Board,

Washington. D. C., Decembeir 1968.

'%irborne Remote-Sensing Techniques for Site Selection,"

Air Force Weapons Laboratory, Air Force Systems Command,

AFWL TR 68115, December 1968 (AD 845 756).

Shainburger, J. H. ; Mobility Environmental Research Study.

A Quantitative Method for Describing Terrain Foregroun~d

Mobility: AD835392, U.S. Army WES, Corps of Engineers,

Vicksburg, Mississippi, May. 1q68.
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TEST METHOD: Remote Sensing Technique - Inlrared

TYPE: Scanners

Description: Infrared radiatlon, which Is electromagnetic raulatlon in a 1:t

band of wavelengths from about 0.7 to 1000 microns, is 4etected by a

system which includes mirrors, reflectors, and some sort of infrared 9 4

radiation detector. The mirror rotates and scans a path perpendicuJar to

the flight path and the signal that the detector generates is turned into a

light pulse which is recorded on film. The product is a map of the terrain

that is dependent on the therrnal emissivity properties of the surface scanned. 5

Texas Instru•xne•nt has developed an aerial infrared mapping system, the

RS-7 model, which uses a mercury-doped germanium detector arid records on

70 mm film in the 8 to 14 micron region. It it interesting to note that below

3. 5 microns. the sensor is seeing mainly reflected sunlight, and that above

3.5 microns it sees mainly emitted energy.

Discussion: The thermal emissivity af a soil surface, which can be cor-

related to the moisture content and the soil texture in some cases, can detect

drainage patterns and vegetation rather easily, primarily because the mois-

ture content of materials exerts the major control on the thermal emiasivity.

The tone of the thermal map is the key to these correlations, but the problem

is that the tone is dependent upon:

1. Terrain radiant emnittance characteristics

2. Geometric relationship between the terrain and the sensor

system

3. Environmental modification such as wind, humidity, and S

temperature

4. System settings

5. Image processing and reproduction.
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AUl of the above items have to be taken into account accurately and correction,

applked to the results before meaningfuli data can be determined, thus makin2

extensive correlation of emissivity characteristics to the problem of #oil

moisture and texture, which still need to be done, very difficult.

In a recent study the Infrared imagery from predawn flights was

shown to be the best data for correlation purposes, and it was further shown

that some of the soils could be delineated by high, medium, and low water

contents. Organic soils were also detectable, as was near 4urface rock and

the infrared imagery prove.d to be an excellent tracking d-.-ice for the laser

profiler.

Direct recording of the temperature can be collected and used to

compile isothermal contour maps which will help to delineate soil textural

and moisture characteristics, surface water, and surface and near-surface

rock. Very small differences in temperature (Z° to 40 absolute) can be

detected by these aystems. Thus, if a correlation between soil properties

and temperature can be determined, the infrared radiornetric data can * *
predict some of these soil properties. Note that for use of this method,

good weather is required and the infrared radiation must be gathered in one

of two limited regions of the electromagnetic spectrum (Z to 5 and 7 to 14

micron regions) that does not seriously attenuate the emittance from the

surface.

Infrared imagery, for example, would seem to be able to indicate the

homogenity of the suiface very well, and this is an important consideration

for the landing gear problem. It is important to note that infrared imagery

alone cannot be used to any great advantage for flotation analysis purposes, but

that when used in conjunction with other sensors can highlight variations in

soil texture, composition, and moisture content. It -" very helpful in soil

Mapping, outlining rock formations, and exposing hidden subsurface conditions.

One inateresting application is the plotting of ground water movement from under-

gcound sources to some water body.
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The infrared radiometer is another type of infrared scanning device

that records the surface temperature directly on a strip chart recorder.

These device@ have less data reduction requirements and are easier to use.

They are good for periodic measurements of thermal radiation, where a study

of the change of thermal emissivity with time is of interest.

References: "Air Optimum Muluimensor Approacb for Detailed Engineering

Soils Mapping, " H. T. Rib, Joint Highway Research Project. 4

Report No. ZZ, Purdue University. Lafayette, Indiana.

December 1966 (PB 176310).

"Airborne Remote-Sensing Techniques for Site Selection." 4

F. J. Bu-.6uzeier, et al. , AFWL TR-68115, Air Force Weapons

L aratory, Air Force Systems Comnmand, Kirtland Air Force

Base, N. Mex., December 1968 (AD 845 7561

L.etter of corununcation with Air Force Weaponu Lab, Kirtland 4

Air Force Bane. New Mexico.

"Remote Sensing and Its Application to Highway Engineering,."

Highway Research Board Special Report 10Z, Highway

Research Board, Washington. D. C., December 1968.
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TEST METHOD; Remote Sensing Technique - Radar 4

TYPE: Side-Looking Radar

Descrtption: Imaging radar, which uses the region of the electromagnetic

spectrum between I mm and I meter. is essentially a simple electric circuit

consisting of an energy source, a transminsion medium, and an energy receiver,

and the basic principles of the side-looking radar are the same as those of a simple

ranging radar. Short pulses of energy are sent out from the transmitter, and

the energy that is reflected off the object or surface is received by an antenna

and recor'vh!. The time duration between the pulse, the so-called "echo", is

a measure of the range of the surface or object and the amount of the energy

returned is a measure of the reflectivity of the object.

The signal that is returned to the antenna is displayed on a cathode

ray tube (CRT) as a single line. The sweep of the electron beam is begun

upon return of the sigual and the traced line is modulated by the return signal

which cauies a presentation of the refle.ctiv/ity of ground objects along a narrow

path normal to the flight line. The display in recorded on moving film line by

line and by continuous scanning forms a ty-pe of map, although the imIage pic-

ture defined by this map is very dissimilar fron photographs.

The sensitivity and range resolution of a given system is dependent

upon pulse duration and antenna characteristics, such that longer antennae

refine data and a shorter pulse gi•v. bett..er resolutlon. Modulation techniques

help to obtain the shorter pulses for increased resolution, and electronic data

storage and processing techniques will also increase resolution.

Discussion: The grea~test advantage of this type sensor is that the radar can

penetrate the atmosphere even in poor weather conditions and iis ability to

penetrate is a function of the frequency such that, generally, the lower the

frequency the greater the penetration ability. However, radar cannot penetrate

heavy rain storms due to signal return from the rain.
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This method ad sensing terrairn data has not, unfortunately, been

shown to be a feasible method at thin time for soil strength and roughness

determinations. The SLR records are being used to identify military

targets, gross topographical data, and major environmenýal targets. It is

being researched for extension to geological data and possible engineering

type data in that longer wave lengths radars can penetrate the mail to

great depths. The major problems with this sensor are the lack of knowledge

of the actual relationships between the reflectivity and tVe materials reflected.

and the complex relationships governing the interpretation of the records due

to gensor-suriace orientation. The radar pulses sent out, for example.

penetrate scor• io lls and not othrre causing different return signals, but work

has been, and in being, done on the physical relationships between the re-

filectivity and the coil properties. Radar records have been shown to be an

indis.ator of sore physical properties of moil. Radar sensors can provide

information on moitture content ir deep homogeneous soils although they

cannot predict the depth oa surface water, presence of ground water, or

depth to ground water. Radar does provide a fairly accurate medium for

Interpretation of geology and lithology in mountainous regions and can be

useful for compilation of vegetation naps. materials maps, and regional

reconnaissance services. *1
Again, as is pointed out with the other sensors, this device needs

additional research and study before the feasibility of using SLR for deter-

mximAtion of soi strength and roughness parameters can be shown. The

SLR will be beet used an one part in a complex reconnaissance system where

other sensors help with the interpretation of the SLR.

0 4D
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References: "An Optimum Multisensor Approacb for Detailed Engineering
%I

Sohis Mapping." H. T. Rib, Joint Highway Research Project

C-36-32U, Purdue University. Lafayette, Lndiana; December

1966 (PB 176310).

"Site Selection Techniques, " R. LV. Forrest, Bendix Corp.,

Southfield Michigan, Bendix Research Labs RLD 4Z88,

AFWL TR-67-146, May 1963 (AD 835 230).

"Airborne Remote-Sensing Techniques for Site Selection,"

F. J. Buckmeier, et a&., AFWL TR-68115, Air Force Weapons

Laboratory, Air Force Systems Ccznmand, lirtlard Air Force

Base, N. Mex., December 1968 (AD 845 756).
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TEST METHOD; Remote Sensing T.,chnique - Profile Recorders

JTYPE: Laser
N)

Descriptioil; The laser profiler, which is a system composed of a modulated

continuous wave (CW) gas laser, a barometrit, altimeter, and a photographic

recording system, operates an a simple ranging system using a transmitted

laser beam that is picked up by a photornultiplier detector upon return from

some surface. T'he aircraft flies over a field at a relatively constant speed

and altitude as the laser measures the height of the aircraft above the terrain

and the barometric altimeter records the elevation of the atrcraft. The profile

is plotted from this data for the pLth shown by the photoso taken with the laser

data.

Discussion: The systerm just described is very unsophisticated, and since

its conception the laser profiler has undergone a great deal of development.

The lasers are no-" more powerful and the systems more precise than the

type described above.

The major systern error is determined through signal to noise

considerations, which are common to devices that use photonultiplier tubes.

Aerc-Services and SPeCtr7.-Phy sic wrote an internal report that describes

the theoretical analysis of such a system. Their analysis and testing in 1965

showed that elevation differences of *I foot are obtainAble and they indicated

that the profile can be determined if the beam hits the soil surface only 5% of

the time (. e. . in a forest).

VIES tested a CW gas laser- that was modulated at three different

possible frequencies and this study showed that the laser profiler still had

problems with system noise and aircraft roll 'aid pitch sta&bilization. The laser

profiles only what it sees, thus, when profUiing over grass the results showed

the mean grass height and nct the surface. Again, the reference system for
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altitude needs work. but WES coacluded that vertical elovations to *0.3 feet

are obtainable.

Texas Instruments also have reported on the use of the laser

profile;, usling tOe Spectra-Phyelcs equipment. Their results indicate the

profiler can measure to *I ft. accurately and could possibly measure to 0. Z ft.

with a more sophisticated oyftem. The error associated with altitude and

attitude of the aircraft are all again noted as a major source of #rror. The

results also showed that signal drop-out limited the laser profiles to a Z200 ft.

altitude ,bove the ground and that weather conditions such as intervening cloud*,

fog. smoke, or precipitation severely attenuated the signal and produced un-

reliable information. WES recommends that the output of the laser profiler be

digtiaied to supply a well defined time and spatial base for the data.

Some of the problems menticned above can be overcome with

Imprmvement in technology, but cost is certainly an obstacle and has been

a limitation in all pzevious systerns. Overall, the laser profler appears to

be a very promising device for the remote sensing of ground roughness.

O References: "An Information Note on an Airborne Laser Terrain Profiler

and Micro-Relief Studies," R. Demple and A. K. Parker.

Proc. Third Syrnposiuzn Remote Sensing. University of

Michigan. Ann Arbor, Michigan, 1964.

"Capacitt) of Airborne Laser Proffloeter to Weasure Terrain

Roughness," Lý E. Mink, Proc. Sxth Symposium Rem-ote

Sensing. University of Micbigan, Ann Arbor, Michigan, 1969.

Cornmtinication with Air Foa'•c Weapons Laborator-y,

Kirtland Air Force Bas-&, N. Mx.
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TEST M.ETHOD: Remote Sensiag TechnIque - •mpact Penetrc~rn.tk r,1

TYPE: Aerial Cone and others

Description: The original iripact penetrometer, wh4.'h was the U. S. Air Force

aerial cone penetrometer, was designed to indicate only one level of boil

strength, thereby evaluating the soil for aircraft flotation on a go. no go basis.

The aerial cone device is composed of a slender tubular body which holds a

shear-pin firing device and a flare, a cone tip. and tail fins for stabilization.

The level of soil strength indicated by this device depends on th.. siza shear-pin

that has been Installed, for when the aerial coni impacts the soil surface the

flare is either set off by the impact or the soil strength It below that value which

will cause failure of the shear pin. Tho basic Idea behind the aerial cone it

very good and the device worked when consieered withia !ts liwritaticns which

included the necessity of dropping many devices to have a r(di.rlC evaluation of

soil strength.

More recently, the aerial penetrometer approach has been

converted to an impact penetrometer that measures the time vs. deceleration

cu¢rve of an is.r-.act object on the soil surface. The most advanced types of

impact penetrometers are spheres that have three mutually perpendicul•ar

accelerometers, thus giving time vs. deceleration curve* which are independent

of impact geometry.

Discussion: As with all methods of experimental testing, especially in soil

mechanics, the most important consideration is the analysis of the data, and

here again the analysis of the impact penetrometer does not, at this time,

reveal any fundamnental soil property. The analysis of the impact penetrom-

eter as developed by Princeton University has used a Maxwell model to repre-

9 sent the impact loads and they have been able to distinguish different soil

responses using this method in a limited number of cases. This it not a

fundamental solution to the problem of aircraft tire-soil interaction, but does
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seem to be a feamible method of evaluating sol strength on a sezzietnpiricat ()

basin. This approach is. in fact, the only method available to directly P

measure soil strength by remrote means. 4.

References: "Remote Determination of Soil Traf[icability by the Aerial

Penetrometer," by C. E. Molineux, AFCRC-55-2Z3, Air

Force Cambridge Research Center, Bedford, Mass.,

October 1955 (AD92254).

"Strength Response Parjuneters of Natural Soil Surfaces and

Their Application to the Landing Program of Aircraft," by 9

Kuei-wu Teal, AFCRY. 67-0583, Princeton University,

Princeton, N. J., January 1967.
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TEST METHOD: Remote Sensing Technique - Microwave I
TYPE. Radiometry and Imagery

Description: Microwave sensors, which detect radiation in the region of the j.

electromagnetic spectrum between I nun and I meter, are similar to both

radar and infrared devices in that the instrumnentation is usually that of radar

and the radiation sensed is both passive and temperature sensitive, as is

infrared radiation. This radiation can be recorded either as apparent tern-

peratures at selected freqvencies, which is done with the radiometer, or can

be recorded as a temperature map or imagery. The radiation energy emitted

from- soil is a ftnction of both emitted and reflected energy and the equipment.

usually radar, receiving this energy is controlled by factors including band-

width, antenna characteristics, and receiver characteristics.

Discussion: Microwave sensors are the least developed of the new remote 0

sensi.g devices, yet there are many useful applications for microwave devices,

especially for bad weather operations. Some of the problems with interpreting

microwave data involve frequency of sensing, the relative dielectric constant

of the soil, the surface roughness, the angle cf incidence, plus all ýhe normal •

parameters that compllcate interpreta..on of all types of sensor data. These

cwa-pLi&"g factors inciutie the weather, seasonal changes, contrast with

surrounding@, and many others.

The microwave sensor gives approximately the same r-,3olution

a• a comparable infrared sensor, yet the microwave sensor has the zbility to

sense data, as related to temperature, that is dependent upon soil properties

other than at the soil surface. Therefore, like active radar devices, the micro-

wave sensor applications will involve studies concerning soil layering, moisture

cmotent with depth, and c--h.r . types o phenomena.
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References: "An Optimum Multiseneor Approach for Detailed Enginearln 8  p

Soils Mapping,' by H. T. Rib. Joint Highway Research

Project No. 22, Purdue University, Lafayette. Indlicia,

December 1966 (PB 176310).

"Airborne Remote-Sensing Techniques for Site Selection,"

F. J. Buckmeier, et al. , AFWL TR-68115, Air Force Weappons

Laboratory, Air Force Systems Command, Kirtland Air Force

Bas., N. Mex., December 1968 (AD 845 756).
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TEST METHOD: Remote Sensing Technique - Cuam Ray

TYPE: Spectromneter
I

Description: This relAtively new sensor technique measures levels of

natural radioactive ernrnsioo of various inaterials in the gamma ray region

of the electromagnetic spectrum. The levels of emittance of radiation, which

comeb. mainly from concentrations of uraniun , thorium, and potaesium,

have been shown to be unique in some soils as related to soil type.

Dlscussion: Some of the problems associated with the gamma ray-type

od sensor involve an altitude limitation of 500 feet, daylight operation, good

weather, and a surface area free of water and snow. The abtiity to sense

$anuna radiation is extremely sensitive to these parameters and, as with

the other sensors described in this report, there are ma-y operational and

data reduction problems associated with suc.h parameters as seasonal changes,

wind factors, time of day, and many others.

References: "Airborne Remote-Seasing Techniques for Site Selection,"

F. J. Buckzawier, et al. . AFWL TR-68115. Air Force Weapons

Laboratory, Air Force Systems Command, Kirtland Air Force

Bace N.Mex jy. wc*"er 1960 (AZL 845 756).
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TEST METHOD: Remote Sensing Technique - Multlesnsor
I

TYPE:

Description: A multiseneor approach to remote sensing, which combines

many dllferent remote sensing devices using both moil tispe:tral and multi-

band combin.ations, is designed to use the best combination of remote

sensors for some specific task. Therefore, the determination of which

sensors are capable of measuring pertinent engineering terrain parameters

must be accomplished before a multisensor system can be designed. The

ideal system is one which obtain& simultaneous coverage of the test area

with the various sensors, at the same time, the same detail, and the same

format in order to facilitate both comparison of the different imagery and

handling of data and measurements.

Discussion: There are presently many widely varied multisensor systems

being studied, but these system. are still being evaluated as to their appli-

cations to specific problems. The limitations of the multisensor approach |

are yet unknown, and the factors to be considered in designing such a system

include; purpose, economics, time, rersonnel, equipment availabilty,

techniq-!es of handling and interpretation of data., and data campatibility, to

mention only a few. Based on the limited knowledge oa remote sensor systems.

Pnd the pessibilities revealed by the multisensor approach, it see&m that this

method provides the ultimate iz data gathering and may possibly be the key to

the preper interpretation of all remote menaing data.

Referenc,: "An Optimum Mutitsensor Approach for Detailed Engineering

5=1•2:.. T.4.. 1.-'41 ,,,. k ,,,, ,,a. ,.R".s h Project

Report No. ZZ, Purdue University, Lafayette, Indiana,

"iecember 1966 (PB 176310).
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- / Ultimate goals of Air Force landing gear/soil interaction research are to
develop na.dmized landing gear design criteria for aircraft operation o mnot! sarface]
and to establish absolute techniques fur the prediction of military aircraft operational
capability at any soil surfaced site. In order ýo achieve these goals, real life rela-
tionships must be established between aircraft surface operational capability, and
soil and site characteristics.

Thi. program was concerned with the identification of both soil and site
parameters usable for defining aircraft operations capability. The research effort
included a literature survey, a review of existing rapid in situ and remote sensing
techniques for determining soil strength and ground roughness. and a atudy of the
proposed active landing gear system as related to the required soil and site param-
eters. A eetailed description of each uf the reviewed rapid in situ and remote
sensing techniques is included.,
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